Introduction
============

Cultivated strawberry (*Fragaria* × *ananassa*) is an important fruit species worldwide. Many strawberry breeders are using different crossing types in an attempt to improve the agronomic traits of cultivated strawberry, such as yield performance, resistance to diseases, skin color, firmness, etc. To develop new strawberry cultivars efficiently, a comprehensive understanding of the correlations among these important agronomic traits is important. [@b28-67_17009] analyzed the relationships among 14 agronomic traits in 161 strawberry cultivars from Japan, USA, Canada, UK, Denmark, the Netherlands, and Sweden. [@b48-67_17009] developed an F~1~ full-sib family of 95 F~1~ individuals derived from an intraspecific cross between 232 (Sel. 4-43 9 Vilanova) and 1392 (Gaviota 9 Cam-arosa) and studied the relationships among six agronomic and 11 fruit-quality traits. [@b20-67_17009] developed F~1~ progeny from a cross between the variety Capitola and the genotype CF1116 and revealed the relationships of 19 fruit traits.

Although these studies have provided important information for selection, each used propagated clone seedlings, not individual populations from crossed seeds. When breeding for new cultivars in practice, strawberry breeders must select individual plants from crossed seeds efficiently using a method that can predict the performance of these propagated seedlings. A means of comparing the agronomic traits of individual plants and propagated seedlings is, therefore, required.

DNA markers related to agronomic traits are useful for strawberry breeding. Cultivated strawberry has an octoploid genome (2*n* = 8*x* = 56) and its genome conformation is complicated because of the similarity of regions of homoeologous chromosomes. This complexity leads to difficulties in genome analysis and the development of specific DNA markers tightly linked to specific agronomic traits. Recently, however, information on strawberry genetics has begun to accumulate more quickly. [@b17-67_17009] and [@b10-67_17009] developed polymorphic microsatellite primer pairs in wild strawberry (*F. vesca* 'Reugen') while [@b36-67_17009] developed 76 microsatellite markers derived from the cross *F. vesca* f. *semperflorens* × *F*. *nubicola*. [@b19-67_17009] proposed 25 cleaved amplified polymorphic sequence markers that are useful for the discrimination of 117 strawberry cultivars. [@b38-67_17009] provided the genome sequence of a wild diploid relative of the cultivated strawberry, *F. vesca* 'Hawaii 4' and microsatellite linkage maps have been independently developed by both [@b37-67_17009] and [@b15-67_17009]. Furthermore, [@b11-67_17009] successfully revealed the subgenomic structure of *F*. × *ananassa* and have compared it to other *Fragaria* species. These sequence and marker studies have provided useful information not only for wild strawberries, but also for cultivated strawberry breeding.

To analyze the relationships among different agronomic traits and characterize the genomic regions responsible for specific traits, wide variations of the traits in a population are preferable. New cultivars and conventional genetic populations are usually derived from bi-parental crossing and subsequent selection, and the phenotypic and genetic variation of the progeny is usually limited to the combined range of the relevant parents.

Recently, The Complex Trait Consortium ([@b4-67_17009]) introduced the concept of a multi-parental advanced generation intercross (MAGIC) population using mice. [@b14-67_17009] demonstrated that a MAGIC population more clearly illustrated the fine-scale mosaics of founder parental genomes and wider genetic and phenotypic variation than populations derived from bi-parental crossing. In plants, MAGIC populations of rice ([@b1-67_17009]), wheat ([@b3-67_17009], [@b13-67_17009], [@b34-67_17009]), maize ([@b8-67_17009], [@b47-67_17009]), barley ([@b35-67_17009]), and tomato ([@b32-67_17009]) have been developed. Using these lines, fine analyses of trait interactions and QTL analyses using genome-wide association studies (GWAS) have been performed to detect various QTLs for agronomic traits.

The objective of the present study was to develop a MAGIC population of cultivated strawberry to analyze the relationships among various important agronomic traits and to establish an efficient breeding program for strawberry.

Materials and Methods
=====================

Plant materials
---------------

The strategy for the development of a strawberry MAGIC population is shown in [Fig. 1](#f1-67_17009){ref-type="fig"}. Six strawberry (*F.* × *ananassa*) cultivars, Fukuoka S6 (trade name Amaou, [@b24-67_17009]), Kaorino ([@b18-67_17009]), Sachinoka ([@b29-67_17009]), 06A-184 (Fukuoka S6 × Sanchiigo, [@b26-67_17009]), Beni hoppe ([@b39-67_17009]), and Ookimi ([@b30-67_17009]) were used as founder parental lines. Selection of founder parents was primarily based on the genetic dissimilarity analysis of [@b15-67_17009] and phenotypic variance, which is provided in [Table 1](#t1-67_17009){ref-type="table"}. The six founder cultivars exhibited wide variations in numerous major agronomic traits, including flowering habit (days to flowering after transplanting, DTF), fruit weight (FW), fruit skin color (FC), fruit firmness (FF), soluble solid content (SC), and titratable acid (TA). Three types of F~1~ progeny were developed in 2011 using the six cultivars described; F~1~A, F~1~B, and F~1~C progeny were derived from crosses between Fukuoka S6 × Kaorino, Sachinoka × 06A-184, and Beni hoppe × Ookimi, respectively. Eight F~1~ progeny from each cross were used for genotyping with genome-wide expressed sequence tag-derived simple short repeat (EST-SSR) markers ([@b15-67_17009]). Four of the eight F~1~ progeny were selected for further advanced intercrossing by prioritizing primarily rare allele frequencies and secondarily the genetic diversity of each SSR marker according to their heterozygote values ([@b15-67_17009]). The 1^st^ generation intercross (IC~1~) populations were obtained in 2012 using the following method; four F~1~A plants were emasculated and used as female parents, four F~1~B and four F~1~C plants were used as male parents; the crossing of F~1~A × F~1~B plants was conducted with mixed pollen of four F~1~B plants, and the crossing of F~1~A × F~1~C plants was conducted with mixed pollen of four F~1~C plants. Additionally, two other crosses, F~1~B × (F~1~A, F~1~C) and F~1~C × (F~1~A, F~1~B), were also accomplished. A total of 240 IC~1~ plants derived from the six crosses (ten IC~1~ plants from each F~1~ female plant) were used for development of the 2^nd^ generation inter-cross (IC~2~) populations in 2013. From the IC~1~ populations, 48 plants (16 plants from each F~1~ cross) were selected with the same EST-SSR markers used in the F~1~ selection. The IC~2~ populations were developed from the mutual crossing of all 48 IC~1~ plants; the pollen of all 48 IC~1~ plants were collected and mixed before being applied to the pistils of all 48 emasculated IC~1~ plants to obtain 1,060 IC~2~ plants. Finally, 338 IC~2~ plants were selected almost evenly from each IC~1~ progeny, with a maximum of 10 derived from one IC~1~ plant, based on plant performance in the greenhouse. These plants represented the strawberry MAGIC population that was further examined in this study.

Genotyping of 1^st^ and 2^nd^ generation intercross populations
---------------------------------------------------------------

Genotyping was performed using a set of 105 EST-SSR markers ([Supplemental Table 1](#s1-67_17009){ref-type="supplementary-material"}) for the F~1~ and IC~1~ populations during the development of the MAGIC population; the developed MAGIC population, which was composed of 338 IC~2~ plants, was also genotyped with a set of 336 EST-SSR markers ([Supplemental Table 2](#s1-67_17009){ref-type="supplementary-material"}) that were polymorphic among the six founder parental cultivars. The 105 EST-SSR markers, which were used for genotyping the F~1~ and IC~1~ populations, were selected while focusing on the equal distribution of the strawberry linkage groups ([@b15-67_17009]); the average marker density was 15 markers per chromosome in *F. vesca*. Genomic DNA of F~1~ and IC~1~ was extracted from young leaves of each plant with a DNeasy plant mini kit (Qiagen, Valencia, CA, USA); genomic DNA of IC~2~ was extracted using a Mag extractor (Toyobo, Osaka, Japan). PCR was performed in a 5-μL reaction volume using 0.6 ng of genomic DNA in 1× PCR buffer (Bioline, London, UK), 3 mM MgCl~2~, 0.08 U of BIOTAQ DNA polymerase (Bioline), 0.8 mM dNTPs, and 0.4 mM of each primer. The PCR products were separated with an ABI 3730xl fluorescent fragment analyzer (Applied Biosystems, MA, USA), according to the polymorphic fragment sizes of the PCR amplicons. Polymorphisms were investigated using the Gene Marker software (Softgenetics, PA, USA), based on the presence and absence of the relevant peak.

Insight for genomic conformation of the MAGIC population
--------------------------------------------------------

To confirm that the developed MAGIC population harbored the genomic conformation of the six founder cultivars equally without any bias, the genetic similarity of the MAGIC population and the six founder cultivars was evaluated using allele data from all SSR markers. In this analysis, the allelic data were converted into a binary matrix using scores 1 or 0 for the presence or absence of a peak.

### 1) Cluster analysis

The allelic binary data were analyzed using GGT 2.0 ([@b41-67_17009]) to investigate the genetic similarity of the individuals in the MAGIC population and the six founder cultivars using a Jaccard similarity coefficient. An unweighted pair group method (UPGMA) with arithmetic average dendrogram was constructed using MEGA version 6.0 ([@b40-67_17009]).

### 2) Principal component analysis

Principal component analysis (PCA) was performed using software R version 3.2.3 (R Core Team, 2015-12-10). In this analysis, allelic binary data were used as explanatory variables. The proportion of variance and eigenvector values of each principal component were used to evaluate the structure of the MAGIC population.

Trait evaluation
----------------

Fruit quality related traits, such as DTF, FW, FF, FC, SC, TA, and the anthocyanin content of the pericarp (AN_P) and flesh (AN_F) of individual plants from crossed seeds and propagated clones of the MAGIC population were evaluated during the 2013--2014 season (later designated 2013) and the 2014--2015 season (2014). Measurement of anthocyanin content was conducted only in 2014. The crossed seeds of the IC~2~ generation were sown on July 5, 2013, on nursery soil commonly used for vegetable seeds (Takii Seed, Kyoto, Japan). Germinated plants were moved to nursery pots (9 cm diameter) containing strawberry nursery soil (Seishin Industry, Fukuoka, Japan) for subsequent growth. Transplanting was performed on September 25 and harvesting began when each plant reached maturity. The amount of applied basal fertilizer was 5:3.8:1.9 g/m^2^ (N:P~2~O~5~:K~2~O), and additional fertilizer was applied at a rate of 10:11.8:11.3 g/m^2^ (N:P~2~O~5~:K~2~O) on October 20, approximately 30 days after transplantation. Watering and weed growth control were done as necessary, and there was no artificial lighting during the night. The flowering stage was defined as beginning with the opening of the first flower of the primary branch. Subsequent fruit quality traits were measured using fruit from the primary branch of each plant just after harvesting at maturity. The first fruit of the primary branch was excluded because it tended to develop an abnormal shape because of nutritional unbalance. Five fruits (the second, third, fourth, fifth, and sixth fruit) of the primary branch were used to measure FW and FC. FC was measured with a CM-d600 spectrophotometer (Konica Minolta, Tokyo, Japan) on the surface that received sunlight. Fruit skin color was expressed as L\* × b\*/a\*, the measured raw values (L\*: lightness, a\*: color channel from green to red, b\*: color channel from blue to yellow) of the spectrophotometer. Three fruits (the second, third, and fourth) of the primary branch were also used to measure FF, SC, and AC. FF was measured with a rheology analyzer, the creep meter RE2-3305B (Yamaden, Tokyo, Japan), using a 2.0 mm diameter stainless steel plunger at a speed of 1.7 mm/s. The penetration depth of the plunger was maintained at 40% of the total fruit thickness. SC was measured with an RA410 Brix meter (Kyoto Electronics Manufacturing, Kyoto, Japan). TA was measured with Coulometric acidity meter CAM500 (Kyoto Electronics Manufacturing).

Propagation of the clones from each line of the MAGIC population started in May 2014, with propagated clones grown according the same method as described for 2013. Transplantation was conducted on September 26, 2014. Plant cultivation and subsequent fruit quality related traits were measured as described for 2013. Additionally, in 2014, two fruits (the fifth and sixth fruit of the primary branch) of each line were used for the measurement of anthocyanin content. Approximately 100--150 mg of fruit skin and flesh were removed separately from raw fruit, weighed, frozen, and crushed with zirconia beads (5-mm diameter) using an MM300 Tissue Lyser (Qiagen). Anthocyanin was extracted using a 1% formic acid/methanol solution. The extracted anthocyanin solution was separated with an UltiMate 3000 high-performance liquid chromatograph (Thermo Fisher Scientific, Waltham, MA, USA) to detect four anthocyanin fractions, including cyanidin 3-glucoside (CG), pelargonidin 3-glucoside (PG), cyanidin 3-malonylglucoside (CM), and pelargonidin 3-malonylglucoside (PM). The peak area of each fraction was converted to the concentration of each anthocyanin per 1 g fresh weight of strawberry fruit.

Analysis of the relationships of fruit quality traits
-----------------------------------------------------

The correlation coefficients between fruit quality traits were calculated in 2013 and 2014. Similarly, correlation coefficients of all traits across both 2013 and 2014 were also calculated. To characterize the fruit quality traits of the MAGIC population, PCA was conducted with all trait values as explanatory variables using R software version 3.2.3 (R Core Team).

Results
=======

Diversity and genetic variation of the strawberry MAGIC population
------------------------------------------------------------------

In total, 336 EST-SSR markers were polymorphic among the six founder cultivars and 1,270 polymorphic loci were detected. We performed cluster analysis using the UPGMA method with the allelic binary data of the EST-SSR markers to evaluate the genetic diversity of the MAGIC population. [Fig. 2](#f2-67_17009){ref-type="fig"} shows a dendrogram from this cluster analysis. The six founder cultivars were distributed almost evenly in the dendrogram, although Sachinoka and Beni hoppe were closer to each other. [Table 2](#t2-67_17009){ref-type="table"} shows the eigenvalue, proportion of variance, cumulative proportion, and eigenvector of ten major principal components derived from the PCA. Although the proportion of variance of PC1 was more than 0.2 (0.235 or 23.5% of total variance), the eigenvector absolute values were extremely low (0.068 and 0.089). Furthermore, the proportion of variance and eigenvectors of the other principal components (from PC2 to PC10) were less than 0.1.

Distribution of fruit quality related values
--------------------------------------------

[Fig. 3](#f3-67_17009){ref-type="fig"} shows the distribution of fruit quality related traits, such as DTF, FW, FC, FF, SC, TA, AN_P, and AN_F. The MAGIC population showed transgressive distribution of all traits. Furthermore, the fruit quality related traits also exhibited normal distributions, except for DTF in both years, and TA and AN_F in 2014. For DTF, some of the plants among the MAGIC population in 2013 had late flowering (more than 100 days after transplanting). Although propagated clones tended to flower earlier than individual plants derived from crossed seeds, both populations showed a bimodal distribution. TA and AN_F exhibited geometric distribution patterns. In FF, SC, and TA, the distribution pattern in 2013 was different from that of 2014; a histogram of FF in 2014 shifted towards harder fruit than in 2013, and a histogram of SC and TA in 2014 similarly shifted higher than in 2013. [Table 3](#t3-67_17009){ref-type="table"} shows the correlation coefficients among all traits in 2013 and 2014. DTF was positively correlated with FW, but negatively correlated with SC and TA. FW was also negatively correlated with SC and TA. Consequently, SC and TA were highly positively correlated with each other. The correlation coefficients of FC with other traits were relatively low, as compared to those with other traits. Correlation coefficients between the same traits over two years were 0.234\*\* (DTF), 0.487\*\* (FW), 0.558\*\* (FF), 0.611\*\* (FC), 0.259\*\* (SC), and 0.547\*\* (TA). The highest correlation coefficient between years was detected for FC and the second highest for FF. [Fig. 4](#f4-67_17009){ref-type="fig"} shows the distribution of FC for the MAGIC population in both years. Fukuoka S6 and Sachinoka had the darkest and second darkest coloration, respectively. Conversely, Kaorino and Ookimi had the lightest coloration. Additionally, both the founder cultivars and the MAGIC population showed similar distributions in FC in both years. Anthocyanin content of the founder cultivars of the MAGIC population is provided in [Table 4](#t4-67_17009){ref-type="table"}. Fukuoka S6 had the highest anthocyanin content in the pericarp (2424.9 μg/g fresh weight) and 06A-184 had the highest content in the flesh (320.9). Kaorino had the lowest anthocyanin content in both organs (737.4 in pericarp and 4.8 in flesh), whereas Ookimi had the second lowest (887.7 and 18.0). These differences in anthocyanin in the founder cultivars agreed with their fruit pericarp colors ([Fig. 4](#f4-67_17009){ref-type="fig"}). Of the four types of anthocyanin, PG was the major component of both the pericarp (76.6--95.3%) and flesh (94.6--100%). Among the MAGIC population, PG content and total anthocyanin content were significantly correlated with fruit pericarp color values (L\* × b\*/a\* = −0.570\*\* and −0.613\*\*).

Relationships and characterization of fruit quality related values
------------------------------------------------------------------

To characterize the MAGIC population, PCA was performed using the fruit quality related traits DTF, FW, FF, FC, SC, and TA as explanatory variables. [Table 5](#t5-67_17009){ref-type="table"} shows the factor loading, proportion of variance, and cumulative proportion of the PCA. DTF, FW, FF, SC, and TA primarily and almost evenly contributed to the differences in PC1 based on the factor loading values. The contribution of FC to PC1 was lower than that of the other traits. Conversely, only FC primarily contributed to the differences in PC2 because the factor loading value of FC for PC2 was high (0.90) compared with the other traits (from −0.22 to 0.30). Similar to PC1, both FW and FF mainly contributed to the differences in PC3, although FW and FF in PC1 were positive and negative (0.59 and −0.63), respectively, whereas in PC3 they were both positive (0.56 and 0.60). The cumulative proportion of variance of the three major principal components was over 0.73. A scatter plot of PC1 and PC2 of the MAGIC population in 2013 and 2014 is shown in [Fig. 5](#f5-67_17009){ref-type="fig"}. The definite values of PC1 in 2013 differed from those of 2014. However, those of PC2 in 2013 were similar to those in 2014. The order of the founder cultivars to the direction of PC2 resembled that of fruit pericarp color; Kaorino and Ookimi are in the upper regions in [Fig. 5](#f5-67_17009){ref-type="fig"}, Fukuoka S6 and Sachinoka in the lower regions, and 06A-184 and Beni hoppe in the middle.

Discussion
==========

Diversity and genetic variation of the strawberry MAGIC population
------------------------------------------------------------------

[@b14-67_17009] summarized the advantages of MAGIC populations by focusing on their greater genetic and phenotypic diversity compared with populations derived from bi-parental crosses. As the genetic and phenotypic variation of populations from bi-parental crosses is roughly limited to that of both parents, and useful alleles detected in the population might not be functional in different genetic backgrounds. In contrast, if we choose the correct founder multi-parents to develop MAGIC populations, wider phenotypic variations could be analyzed and the detected QTLs in MAGIC populations could be useful in many genetic backgrounds. Numerous DNA markers are, however, essential to develop and analyze MAGIC populations ([@b14-67_17009]) because the conformation of the genomic structure of the MAGIC population was more complex than that of bi-parental populations.

In strawberry, because of the complexity of the genomic structure (2*n* = 8*x* = 56), the development of DNA markers and linkage analysis has been limited. Recently, however, many DNA markers have been developed not only for the diploid species, such as *F*. *vesca,* but also for octoploid species, such as cultivated strawberry ([@b10-67_17009], [@b15-67_17009], [@b17-67_17009], [@b19-67_17009], [@b36-67_17009], [@b38-67_17009]). Furthermore, linkage analyses have been performed using these makers by [@b37-67_17009] and [@b15-67_17009] resulting in a set of EST-SSR markers, developed by [@b15-67_17009], that includes 4,474 markers, which fully cover the cultivated strawberry genome. We have, therefore, developed a cultivated strawberry MAGIC population using these EST-SSR markers. In our MAGIC population, genotyping was carried out using 336 EST-SSR markers that were polymorphic among the six founder cultivars.

[@b14-67_17009] also established that selection of founder parents was important because this selection could affect the generalizability of a developed MAGIC population to the current breeding populations. Major Japanese strawberry cultivars were derived from only some ancestors, and [@b44-67_17009] revealed that coefficients of inbreeding (CI) of recently developed strawberry cultivars, Nyoho, Tochiotome, and Akihime, were larger than those of sweet potato and potato cultivars; however, the six founder parents displayed wide phenotypic differences covering almost all natural variation in DTF, FW, FF, FC, SC, and TA in cultivated strawberries ([Table 1](#t1-67_17009){ref-type="table"}). From the viewpoint of generalizability, the five cultivars (Fukuoka S6, Kaorino, Sachinoka, Beni hoppe, and Ookimi) from which the six founder parents are derived are widely cultivated in Japan. [@b15-67_17009] showed that Fukuoka S6, Kaorino, Sachinoka, and Beni hoppe belonged to different clusters based on the polymorphism of 45 SSR markers. Although Ookimi belonged to the same cluster as Sachinoka, the agronomic traits of both cultivars were different from each other ([Table 1](#t1-67_17009){ref-type="table"}); furthermore, Ookimi is the only cultivar that exhibits resistance to powdery mildew among the six founder cultivars. Cultivar 06A-184 was developed from a cross between Fukuoka S6 and Sanchiigo, and although 06A-184 might be genetically similar to Fukuoka S6, the phenotypic differences between these cultivars were large ([Table 1](#t1-67_17009){ref-type="table"}), and genetic similarity of both parents, analyzed by cluster analysis ([Fig. 2](#f2-67_17009){ref-type="fig"}), was relatively low. Furthermore, 1,270 polymorphic loci were detected using 336 polymorphic SSR markers in the MAGIC population. Although choosing foreign cultivars as some of the founder parents might have expanded the genetic diversity of the MAGIC population, the developed MAGIC population would not be of practical usefulness because of its dissimilar and unfamiliar fruit quality. This demonstrates that we selected the appropriate founder parents for the development of the MAGIC population for strawberry breeding in Japan.

In addition to founder selection, the subsequent selection of the following generation was also extremely important for the development of a MAGIC population. [@b6-67_17009] analyzed the suitability of the maize MAGIC population by implementing cluster analysis and PCA. Similarly, we performed cluster analysis and PCA to evaluate genetic diversity, variation, and suitability of the strawberry MAGIC population in this study. A dendrogram of cluster analysis revealed that the six founder cultivars were distributed almost evenly among the MAGIC population in the dendrogram circle, implying that the developed MAGIC population almost completely reflected the genetic diversity of the founder parents. According to PCA ([Table 2](#t2-67_17009){ref-type="table"}), PC1 primarily accounted for the total variance of the MAGIC population, representing 23% of the variance. The maximum and minimum eigenvector of all SSR markers were extremely low at 0.068 and −0.089, respectively. This suggests that none of the specific marker variances were the main contributors to the differences in PC1. Other principal components (from PC2 to PC10) accounted for a lower (under 10%) proportion of the variance than did PC1. Equal distribution of the allelic SSR markers on the strawberry genome indicated that the lower principal components explained very little of the genetic structure of the MAGIC population. As a result, cluster analysis and PCA demonstrated that the strawberry MAGIC population developed in this study exhibited a mosaic structure of the founder cultivars without any bias and was suitable for further phenotypic and genetic analysis.

[Fig. 3](#f3-67_17009){ref-type="fig"} shows the distribution of the fruit quality related traits DTF, FW, FC, FF, SC, TA, and AN. Regarding phenotypic variance, all the trait values of the MAGIC population showed transgressive distribution and most of the traits had a normal distribution, except for DTF ([Fig. 3A](#f3-67_17009){ref-type="fig"}). Because the individual plants derived from seeds are smaller than propagated seedlings, the flower bud differentiation of small seed lings is likely to be late ([@b27-67_17009], Yamakawa and Noguchi 1989), leading to later flowering. In addition to seedling size, strawberry seedlings absorb nitrogen in soils after transplantation and flower later in autumn because of the dramatic change in the nitrogen level ([@b9-67_17009], [@b23-67_17009]), with flowering time showing a generally bimodal distribution that could have led to the differences in the distribution of DTF in [Fig. 3A](#f3-67_17009){ref-type="fig"}. Normal distributions of trait values except for DTF suggest that many genetic regions affected trait variance.

Correlation coefficients among fruit quality related traits were calculated and are shown in [Table 3](#t3-67_17009){ref-type="table"}. FW was positively correlated with DTF and negatively correlated with SC and TA. [@b12-67_17009] showed that high yield was correlated with a low SC value. Furthermore, [@b25-67_17009] compared 11 traits in five F~1~ progeny lines and showed that fruit yield per plant was correlated significantly with SC and TA. Regarding the correlation with FW, our results supported these previous findings, consistent with the tendency for fruit density to decline as fruits increase in size. Additionally, [@b25-67_17009] revealed that SC and TA were strongly correlated with each other using F~1~ progenies, although [@b28-67_17009] did not detect a significant correlation between SC and TA when examining general strawberry varieties; these differences might have been caused by the use of different population types.

Strawberry pericarp pigmentation was primarily caused by anthocyanin accumulation, with PG being the principal form ([@b5-67_17009], [@b22-67_17009], [@b45-67_17009], [@b46-67_17009]); anthocyanins of the pericarp and flesh were not distinguished in these previous studies. We also found that PG was a major anthocyanin in both the pericarp and flesh ([Table 4](#t4-67_17009){ref-type="table"}), supporting the results of the previous studies. [Table 4](#t4-67_17009){ref-type="table"} indicates that there were clear varietal differences in the anthocyanin content of the six founder cultivars. These differences were similar to those of FC, with the L\* × b\*/a\* of the fruit pericarp color being strongly correlated with the PG content (r = −0.570\*\*) and total anthocyanin content (r = −0.613\*\*), supporting the fact that anthocyanin, especially PG, is a major source of strawberry pericarp pigmentation.

When comparing the individual plants (2013) and propagated seedlings (2014), FC and FF showed the highest (r = 0.611\*\*) and the second highest (r = 0.558\*\*) correlations, respectively. Although the correlation coefficients of DTF and SC were significant, their definite values were lower (r = 0.234\*\* and 0.259\*\*, respectively) than those of FC and FF, suggesting that genetic factors could play important roles in the variance of FC and FF and that environmental factors contributed less to trait variance. According to [Table 3](#t3-67_17009){ref-type="table"}, FC showed lower or no significant correlations with other traits. Moreover, PCA using fruit quality related traits values as explanatory variables revealed that FC mainly contributed to the variance of PC2 and that the other traits played larger roles in the variance of PC1 and PC3 ([Table 5](#t5-67_17009){ref-type="table"}). These findings indicate that FC was primarily genetically controlled and its variance did not tend to be affected by the variance of other traits. For the peach, [@b7-67_17009] pointed out that the heritability and repeatability of fruit blush (pigmentation) were higher than those of fruit size, soluble solids, and titratable acidity. Additionally, [@b21-67_17009] showed that the DNA sequences of apple *MYB10* genes were similar to those of other Rosaceae species, including *Prunus persica* (peach), *F. vesca*, and cultivated strawberries, suggesting that the genetic control system for coloration could be identical among the species in the Rosaceae family.

Here, we focus on the details of PCA analysis conducted in this study. In the case of PC1, the effects of DTF and FW were positive (0.66 and 0.59, respectively), whereas those of FF, SC, and TA were negative (−0.63, −0.87, and −0.76, respectively). As shown in [Table 3](#t3-67_17009){ref-type="table"}, DTF was positively and negatively correlated with FW (r = 0.253\*\*, 0.263\*\*) and SC (r = −0.445\*\*, −0.279\*\*), respectively. This tendency was in accordance with the proportion of the variance in PC1. All the fruits related qualities, except for FC, contributed to the variance of PC1 to some extent, and DTF might have primarily affected the other traits: FW, FF, SC, and TA. These facts suggested that PC1 was an index for harvest time and fruit size, and PC2 was an index for fruit pericarp color. As the effects of FW and FF were positive in PC3, PC3 might be an index of the potential fruit filling ability of the relevant plant.

In this study, we successfully developed a strawberry MAGIC population derived from six cultivated strawberry cultivars. The MAGIC population sufficiently and evenly covered the genetic variance of six founder cultivars and showed transgressive segregation of trait values for practical analysis. Throughout the comparison of fruit quality related traits, we found that genetic factors mainly affected the variance of FC. Regarding the detection of genetic regions controlling phenotypic values, GWAS was effective and has been performed in many crops; ([@b1-67_17009], Buet *et al*. 2013, [@b3-67_17009], Gaur *et al*. 2012, [@b13-67_17009], [@b32-67_17009], Pea *et al*. 2013, [@b34-67_17009], [@b35-67_17009]). Genomic selection (GS) is another application of the MAGIC population. Attempts to improve phenotypic performance by GS have been carried out in many crops: maize ([@b2-67_17009]), rice ([@b31-67_17009], [@b42-67_17009]), tomato ([@b43-67_17009]), Japanese pair ([@b16-67_17009]), and wheat (Heffner *et al*. 2011, [@b33-67_17009]). The strawberry MAGIC population developed in this study could be useful for GWAS and GS to rapidly and efficiently improve crop performance. [@b42-67_17009] demonstrated that more than six cycles of intercrossing increased QTL mapping power in an intermated recombinant inbred population of rice. The strawberry MAGIC population developed in this study is also expected to increase the QTL mapping power by contemplating more generations in the future.
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![Distribution of fruit quality related traits of the strawberry MAGIC population. DTF: days to flowering, FW: fruit weight, FF: fruit firmness, FC: fruit pericarp color, SC: soluble solid content, TA: titratable acidity, AN_P: anthocyanin content of pericarp, AN_F: anthocyanin content of flesh. Downward arrows in the upper and lower area depict trait values of the six founder cultivars in 2013 and 2014, respectively. P1, P2, P3, P4, P5, and P6 = Fukuoka S6, Kaorino, Sachinoka, 06A-184, Beni-hoppe, and Ookimi, respectively.](67_17009_3){#f3-67_17009}

![Relationship of color values of the MAGIC population between 2013 and 2014. \*\* indicates a correlation coefficient that was significant at the 1% level.](67_17009_4){#f4-67_17009}

![Scatter plot of first and second principal components scores of PCA. Triangles and round circles indicate data from 2013 and 2014, respectively. Symbols with gray inside indicate data for the six founder cultivars.](67_17009_5){#f5-67_17009}

###### 

Agronomic traits of the six founder parental lines of the strawberry MAGIC population

  Cultivar name           Fukuoka S6      Kaorino      Sachinoka       06A-184          Beni hoppe       Ookimi
  ----------------------- --------------- ------------ --------------- ---------------- ---------------- ------------
  Days to flowering       slightly late   early        late            slightly early   slightly early   late
  Fruit weight            large           medium       medium          large            large            large
  Fruit skin color        dark red        orange red   dark red        red              red              orange red
  Fruit firmness          soft            soft         hard            soft             medium           hard
  Soluble solid content   high            low          high            low              high             high
  Acidity                 high            low          slightly high   low              medium           medium

###### 

Eigenvector value, proportion of varience, cumulative proportion, and eigen vactor of PCA analysis based on the SSR marker allele types of the strawberry MAGIC population

  Principal component      PC1      PC2      PC3      PC4      PC5      PC6      PC7      PC8      PC9      PC10     
  ------------------------ -------- -------- -------- -------- -------- -------- -------- -------- -------- -------- -------
  Eigen values             2.852    1.114    0.704    0.562    0.496    0.434    0.351    0.326    0.319    0.263    
  Proportion of variance   0.235    0.092    0.058    0.046    0.041    0.036    0.029    0.027    0.026    0.022    
  Cumulative proportion    0.235    0.326    0.384    0.430    0.471    0.507    0.535    0.562    0.589    0.610    
                                                                                                                     
  Eigen vector             max.     0.068    0.082    0.083    0.092    0.082    0.082    0.087    0.108    0.095    0.074
  min.                     −0.089   −0.092   −0.082   −0.096   −0.089   −0.096   −0.082   −0.085   −0.086   −0.084   

Number of SSR markers and their loci were 336 and 1270, respectivlely. Each SSR marker allele type, '0', which means no signla of the relevant marker loci, and '1', which means detecting signal with certain intensity, were used as explanatory variables for PCA.

###### 

Correlation coefficients among fruits quality traits of the MAGIC population

  Year   Trait   DTF                                                  FW                                                   FF                                                  FC                                                SC                                                  TA
  ------ ------- ---------------------------------------------------- ---------------------------------------------------- --------------------------------------------------- ------------------------------------------------- --------------------------------------------------- ----
  2013   DTF     1                                                                                                                                                                                                                                                                   
         FW      0.253 [\*\*](#tfn3-67_17009){ref-type="table-fn"}    1                                                                                                                                                                                                              
         FF      −0.088 [\*](#tfn3-67_17009){ref-type="table-fn"}     −0.118 ns                                            1                                                                                                                                                         
         FC      −0.140 [\*](#tfn3-67_17009){ref-type="table-fn"}     −0.020 [\*](#tfn3-67_17009){ref-type="table-fn"}     0.303 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   1                                                                                                     
         SC      −0.445 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   −0.311 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   0.306 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   0.189 [\*](#tfn3-67_17009){ref-type="table-fn"}   1                                                   
         TA      −0.274 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   −0.338 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   0.260 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   0.153 [\*](#tfn3-67_17009){ref-type="table-fn"}   0.561 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   1
                                                                                                                                                                                                                                                                                     
  2014   DTF     1                                                                                                                                                                                                                                                                   
         FW      0.263 [\*\*](#tfn3-67_17009){ref-type="table-fn"}    1                                                                                                                                                                                                              
         FF      −0.111 [\*](#tfn3-67_17009){ref-type="table-fn"}     −0.094 ns                                            1                                                                                                                                                         
         FC      −0.017 ns                                            −0.124 [\*](#tfn3-67_17009){ref-type="table-fn"}     −0.101 ns                                           1                                                                                                     
         SC      −0.279 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   −0.306 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   0.384 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   0.053 ns                                          1                                                   
         TA      −0.139 [\*](#tfn3-67_17009){ref-type="table-fn"}     −0.318 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   0.263 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   −0.048 ns                                         0.554 [\*\*](#tfn3-67_17009){ref-type="table-fn"}   1

n = 217. DTF: Days to flowering, FW: fruits weight, FF: fruits firmness, FC: fruits color, SC: sugar content, TA: titratable acidity.

mean correlation coefficients are significant at 5% and 1% level, respectively.

###### 

Anthocyanin composition of founder cultivars of the strawberry MAGIC population

  Cultivar     pericarp (μg/gFW)   flesh (μg/gFW)                                                     
  ------------ ------------------- ---------------- ----- ------- -------- ----- ------- ----- ------ -------
  Fukuoka S6   200.8               2223.2           0.9   0.0     2424.9   0.0   220.0   0.0   0.0    220.0
  Kaorino      82.1                575.7            8.9   70.6    737.4    0.0   4.5     0.0   0.3    4.8
  Sachinoka    100.3               2049.0           1.1   0.0     2150.3   0.4   138.9   0.0   0.0    139.3
  06A-184      450.3               1470.4           0.0   0.0     1920.7   0.7   320.2   0.0   0.0    320.9
  Beni hoppe   87.1                1201.9           7.2   123.2   1419.3   0.3   82.9    0.3   17.6   101.1
  Ookimi       91.1                795.9            0.7   0.0     887.7    0.0   18.0    0.0   0.0    18.0
                                                                                                      
               pericarp (%)        flesh (%)                                                          
                                                                                                      
  Fukuoka S6   8.3                 91.7             0.0   0.0     100      0.0   100.0   0.0   0.0    100
  Kaorino      11.1                78.1             1.2   9.6     100      0.0   94.6    0.0   5.4    100
  Sachinoka    4.7                 95.3             0.0   0.0     100      0.3   99.7    0.0   0.0    100
  06A-184      23.4                76.6             0.0   0.0     100      0.2   99.8    0.0   0.0    100
  Beni hoppe   6.1                 84.7             0.5   8.7     100      0.3   82.0    0.3   17.4   100
  Ookimi       10.3                89.7             0.1   0.0     100      0.0   100.0   0.0   0.0    100

upper and lower sections indicates actual values of each anthocyanin and its relative ratio, respectively. CG: Cyanidin 3-glucoside, PG: Pelargonidin 3-glucoside, CM: Cyanidin 3-malonylglucoside, PM: Pelargonidin 3-malonylglucoside.

###### 

Factor loading, proportion variance, and cumulative proportion of principle component analysis based on fruits quality values of the strawberry MAGIC population

  Trait                    PC1     PC2     PC3
  ------------------------ ------- ------- -------
  DTF                      0.66    0.00    0.28
  FW                       0.59    0.30    0.56
  FF                       −0.63   0.17    0.60
  FC                       −0.30   0.90    −0.26
  SC                       −0.87   −0.04   0.13
  TA                       −0.76   −0.22   0.14
                                           
  Eigenvector value        2.59    0.97    0.85
  Proportion of variance   0.43    0.16    0.14
  Cumulative proportion    0.43    0.59    0.73

Priciple component analysis was performed using fruit quality traits data of 2013 and 2014. n = 539. DTF: Days to flowering, FW: fruits weight, FF: fruits firmness, FC: fruits color, SC: sugar content, TA: titratable acidity.

###### 

Correlation coefficient of fruits color values and anthocyanin content of pericarp

                L\*·b\*/a\*                                         CG                                                 PG                                                 CM                                                 PM                                                 Total
  ------------- --------------------------------------------------- -------------------------------------------------- -------------------------------------------------- -------------------------------------------------- -------------------------------------------------- -------
  L\*·b\*/a\*   1                                                                                                                                                                                                                                                               
  CG            −0.509[\*\*](#tfn6-67_17009){ref-type="table-fn"}   1                                                                                                                                                                                                           
  PG            −0.570[\*\*](#tfn6-67_17009){ref-type="table-fn"}   0.437[\*\*](#tfn6-67_17009){ref-type="table-fn"}   1                                                                                                                                                        
  CM            −0.179[\*\*](#tfn6-67_17009){ref-type="table-fn"}   0.216[\*\*](#tfn6-67_17009){ref-type="table-fn"}   −0.061[ns](#tfn7-67_17009){ref-type="table-fn"}    1                                                                                                     
  PM            −0.055 [ns](#tfn7-67_17009){ref-type="table-fn"}    −0.091 [ns](#tfn7-67_17009){ref-type="table-fn"}   −0.135[\*](#tfn6-67_17009){ref-type="table-fn"}    0.546[\*\*](#tfn6-67_17009){ref-type="table-fn"}   1                                                  
  Total         −0.613[\*\*](#tfn6-67_17009){ref-type="table-fn"}   0.538[\*\*](#tfn6-67_17009){ref-type="table-fn"}   0.987[\*\*](#tfn6-67_17009){ref-type="table-fn"}   0.035 [ns](#tfn7-67_17009){ref-type="table-fn"}    −0.033 [ns](#tfn7-67_17009){ref-type="table-fn"}   1

indicates significant at 1% and 5% level, respectively.

means not significant.
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